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ABSTRACT 


An  experimental  arrangement  for  determining  the  apparent 
moment  of  inertia  of  parachute  canopy  models  is  described.  The 
rigid  canopy  models  are  attached  to  a  simple  torsion  pendulum 
and  the  periods  of  oscillation  of  the  models  and  suspension 
system  in  air  and  in  water  are  measured  and  used  to  calculate 
the  apparent  moment  of  inertia  of  the  model  canopies.  The 
validity  of  the  experimental  arrangement  was  verified  by 
measuring  the  apparent  mass  of  some  simple  geometric  bodies 
such  as  spheres  and  cubes  and  comparing  the  results  with  known 
theoretical  values.  Models  of  the  circular  flat,  ribbon  and 
ribless  guide  surface  canopy  shapes  were  tested  for  angular 
motion  about  two  different  axes  and  the  results  are  presented 
in  nondimens ional  coefficient  form. 

Additional  results  showing  the  effect  of  the  geometric 
porosity  on  the  apparent  moment  of  inertia  of  a  ribbon  type 
parachute  canopy  model  are  presented  in  the  Appendix. 
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SYMBOLS 


The  notation  system  adopted  for  this  report  is 
based  on  a  number  of  basic  symbols,  representing  the  primary 
concepts,  supplemented  by  subscripts  and  superscripts  to 
further  define  or  restrict  the  specific  meaning.  This  results 
in  a  flexible  notation  where  the  association  between  the 
symbols  and  their  physical  significance  is  evident  and  more 
easily  remembered.  For  clarity  and  continuity,  each  combina¬ 
tion  of  symbols  involving  subscripts  or  superscripts  will  be 
redefined  when  first  introduced  in  the  text. 
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PRIMARY  CONCEPTS 

Dimensionless  moment  of  inertia  ratio 
Semi -major  axis  of  ellipse 
Semi-minor  axis  of  ellipse 
Dimensionless  mass  ratio 
Diameter 

Energy  ( 

Moment  of  inertia 

Torsion  rod  spring  constant 

Inertia  coefficient  =  kinetic  energy/dynamic 
pressure  x  displaced  volume 

Distance 

Side  of  cube 

Mass 

Radius 

Reynolds  number 

Surface  area 

Period  of  oscillation 

Velocity  of  body  in  fluid 

Partial  derivative  of  0  with  respect  to 
normal  direction,  directed  into  the  fluid 

Velocity  potential 

Angular  displacement 

Angular  velocity 


ix 


p 

y 


Density  of  fluid 
Kinematic  Viscosity 


SUBSCRIPTS 

a  For  tests  in  air 

c  For  canopy  model 

d  For  displaced  volume 

i  For  included  volume 

p  For  projected  diameter 

s  For  sphere 

w  For  tests  in  water 

R  Reference  mass  or  moment  of  inertia  based 

on  system  geometry 

€  For  system  with  models  removed 

SUPERSCRIPTS 

( * )  For  apparent  mass  and  moment  of  Inertia 
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1.  INTRODUCTION 


In  setting  up  the  dynamic  stability  equations  of  a 
parachute  load  system  and,  more  generally.  In  examining  the 
forces  and  moments  acting  during  unsteady  flow  conditions, 
it  is  necessary  to  consider  not  only  the  actual  mass  and 
moment  of  inertia  of  the  parachute  and  suspended  load  but 
also  some  additional  mass  and  moment  of  inertia  effects  to 
account  for  energy  exchanges  between  the  parachute  and  load 
system  on  one  hand  and  the  fluid  medium  on  the  other.  These 
additional  mass  and  moment  of  inertia  effects  may  become 
quite  important  in  cases  of  large  instantaneous  accelerations 
and  when  the  air  masses  involved  are  large  with  respect  to 
the  parachute  mass. 

In  classical  hydrodynamics,  it  is  shown  that  the 
effect  of  the  presence  of  the  fluid  may  be  represented  by 
some  "additional  mass"  and  "additional  moment  of  inertia," 
sometimes  referred  to  as  the  "induced"  or  "hydrodynamic  mass" 
and  "hydrodynamic  moment  of  inertia."  Following  von  Kaiman* s 
terminology  in  Ref.  1,  the  designation  "apparent  mass"  will 
be  used  here  to  represent  the  "additional  mass"  for  the 
particular  motion  under  consideration.  Similarly,  the 
"apparent  moment  of  inertia"  designates  the  "additional  moment 
of  inertia"  for  the  specified  angular  motion. 

The  apparent  mass  and  apparent  moment  of  inertia 
depend  on  the  body  shape,  the  specific  motion  Involved  and 
the  density  of  the  fluid  in  which  the  motion  takes  place. 

The  existing  theoretical  methods  for  calculating 
the  apparent  mass  and  moment  of  inertia  can  be  worked  out 
only  in  the  case  of  simple  geometrical  shapes  such  as 
spheres  and  ellipsoids.  For  parachute  canopy  shapes,  as 
typified  by  a  hollow  hemispherical  shell.  It  is  necessary 
to  employ  experimental  methods . 


Manuscript  released  by  the  author  May  1964  for  publication 
as  an  FDL  Technical  Documentary  Report. 
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2.  THEORY 


i 


I 

l 

A.  j  General  Theoretical  Considerations 

/  In  classical  hydrodynamics,  a  solid  body  moving  in 
an  ideal  fluid  in  steady  motion  experiences  no  resistance. 

This  is  the  so-called  "d'Alembert  paradox."  For  unsteady 
motion,  however,  the  body  will  be  subjected  to  hydrodynamic 
forces  which  are  proportional  to  the  instantaneous  values  of 
the  acceleration  and  which  may  be  calculated  from  the  known 
ideal  flow. 

Lamb,  Milne -Thompson  and  Zahm  (Refs.  2,  3  and  4) 
treat  the  fundamental  concepts  and  give  some  information  on 
the  apparent  mass  and  moment  of  inertia  effects  in  the  case 
of  simple  geometric  bodies. 

The  concepts  of  apparent  mass  and  moment  of  inertia 
are  very  useful.  Their  values  may  be  determined  from  consi¬ 
derations  of  the  energy  of  the  field  of  flow. 

1.  Kinetic  Energy  Relationships 

The  kinetic  energy  of  an  infinite  fluid,  initially 
at  rest,  which  is  bounded  internally  by  a  solid  body  in 
potential  motion  Is  given  by 

e  Hr  pj[  0  §*-  as  ,  (2.i) 

where  E  is  the  fluid  kinetic  energy, 
p  is  the  fluid  density, 

0  is  the  velocity  potential,  and 

4^-  is  the  velocity  along  the  normal  to  the  boundary 
*  directed  into  the  stream. 

The  Integral  Is  taken  over  the  boundary,  S,  of  the 
region  occupied  by  the  fluid  flow. 

The  "apparent  mass,"  M1,  is  calculated  from  the 
kinetic  energy  by  means  of  the  relation 

E  =  i  M*  U2  ,  (2.2) 


where  U  is  the  velocity  of  the  body. 


M* 


2E  =  ~P Is  *  ds 

U2"  U2 


Hence, 


(2.3) 


Reference  2  presents  the  apparent  mass  effects  in 
terms  of  nondimens ional  inertia  coefficients,  k,  given  by 


2 


kinetic  energy 


.  (2.4) 


k  - - 

dynamic  pressure  x  volume  of  displaced  fluid 

The  notion  of  inertia  coefficients  is  a  very  useful  one,  but 
the  above  definition  breaks  down  in  the  case  of  flat  plates 
and  thin  shells,  shapes  which  are  of  particular  interest  in 
parachute  work.  To  avoid  this  difficulty,  a  "reference 
volume"  based  on  some  characteristic  dimension  of  the  body, 
for  example  the  diameter,  will  be  used. 

*  * 

Similarly,  in  rotational  motions  the  apparent 
moment  of  inertia  can  be  determined  from  energy  considerations 
using  the  velocity  potential  of  the  rotational  motion.  For 
an  elliptic  cylinder.  Ref.  3  gives 

E  =  ^Tt  p  A2  (a2  -  b2)2  ,  (2.5) 

where  a  and  b  are  semi -axes  of  the  ellipse  and  A  is  the 
angular  velocity  of  rotation  of  the  elliptic  cylinder  about 
its  axis . 

The  kinetic  energy  of  rotation  is  given  by 

B  =  i  I'  A2  .  (2.6) 

Hence,  the  apparent  moment  of  inertia  per  unit  length  of 
rotating  cylinder  will  be 

I'  =  =  I  IX  p  (a2  -  b2)2  .  (2.T) 

The  general  motion  of  a  solid  of  arbitrary  shape 
involves  six  degrees  of  freedom  represented  by  three  compo¬ 
nents  of  linear  velocity  and  three  components  of  angular 
velocity.  In  the  quadratic  expressions  for  the  energy,  there 
may  be  six  squares  and  fifteen  products  of  velocity  components 
and  therefore  21  hydrodynamic  inertia  coefficients. 

In  practical  problems  the  motions  may  be  simpli¬ 
fied,  as  for  example  in  two-dimensional  motion,  and  the 
bodies  considered  may  have  one  or  more  planes  of  symmetry, 
thereby  reducing  the  number  of  inertia  coefficients. 

B.  Theory  of  the  Experimental  Method 

The  experimental  method  adopted  is  based  on  mea¬ 
suring  the  change  In  frequency  of  the  body  in  question  when 
oscillating  in  air  and  in  water.  The  actual  mass  and  moment 
of  inertia  of  the  body  are  the  same  in^both  tests,  but  the 
apparent  mass  and  the  apparent  moment  of  inertia  are  very 
different,  being  proportional  to  the  fluid  densities. 

In  the  experimental  apparatus  used  (Figure  l),  the 
models  are  attached  to  a  stretched  wire  undergoing  small 
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torsional  oscillations,  and  the  method  of  attachment  of  the 
models  is  such  as  to  produce  the  required  relative  motion 
for  the  model. 

The  period  of  a  torsion  pendulum  of  the  type  illus¬ 
trated  in  Pig  1,  held  at  both  ends  and  oscillating  in  a 
fluid,  is  given  by  the  well  known  expression 


T 


2  Tt 
4l 


'K 

T 


(2.8) 


where  K 
I 

b 


torsional  constant  of  the  wire, 
effective  moment  of  inertia  of  the  oscillating 
system,  and 
damping  factor. 


The  quantity  ^  may  be  determined  experimentally 

for  each  configuration  and  its  value  incorporated  in  the 
data  reduction  using  Eqn  (2.8).  This  greatly  complicates 
the  calculations  and  it  is  more  expedient  to  choose  the 
torsional  constant  K  and  the  effective  moment  of  inertia  of 

tr 

the  oscillating  system  I  in  such  a  way  that  y  is  considerably 

larger  than  — ^  .  This  can  be  ascertained  experimentally 

from  the  smalJ  damping  of  the  oscillations  as  recorded  in 
the  trace  and  illustrated  in  Pig  16  without  the  need  for  the 

y. 

explicit  experimental  determination  of  ^  for  each  case. 

This  makes  it  possible  to  simplify  Eqn  (2.8)  to 


T  = 


(2.9) 


If  tests  for  a  given  model  arrangement  are  con¬ 
ducted  In  air  and  in  water,  then 

w 


=  2  n  (-JJ-) 


(2.10) 


Tw  =  2TI  (^)* 


(2.11) 


The  apparent  moment  of  inertia  of  the  oscillating 
system  is  given  approximately  by 


Lw 


-  I 


a  - 


K 


471 


■S  (Tw  -  V)  • 


(2.12) 
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If  the  apparent  moment  of  inertia  of  the  experi¬ 
mental  system  without  the  model  attached  is  designated  by 
I*  ,  then  the  apparent  moment  of  inertia  of  the  model  alone 
will  be  given  by 

I1  =  Iw  -  Ia  -  1 1  =  4^2  (V2  -  Ta2)  -  H  .  (2.13) 

Ill  the  case  of  a  symmetric  arrangement  of  two  models 
as  shown  in  Fig  1,  the  apparent  moment  of  inertia  of  each 
model  will  be  one  half  that  given  by  Eqn  2.13. 

It  is  only  necessary  to  measure  the  period  of 
oscillation  of  the  system  in  air  and  in  water,  with  and 
without  models  attached,  and  to  measure  the  torsional  constant 
of  the  wire.  The  latter  may  be  obtained  by  a  separate  exper¬ 
iment. 


3 .  EXPERIMENTAL  EQUIPMENT 


A.  Trial  of  B1  -Pilar  Torsion  Pendulum 

Before  adopting  the  experimental  set-up  shown  in 
Pig  1,  another  experimental  arrangement  suggested  by  Refs  3 
and  6  was  tried.  It  consisted  essentially  of  a  bi -filar 
torsion  pendulum  to  which  is  attached  the  model  under  test. 

By  measuring  the  period  of  oscillation  in  air  and  in  a  vacuum 
and  allowing  for  the  characteristics  of  the  suspension  system, 
the  apparent  moment  of  inertia  of  the  model  under  test  could 
be  calculated.  Preliminary  tests  with  a  hemispherical  cup, 
oscillating  in  still  air  and  in  the  test  section  of  the  low 
density  wind  tunnel  with  no  flow,  gave  very  little  change  in 
the  period  of  oscillation.  It  was  therefore  concluded  that 
unfavorable  experimental  factors  such  as  limited  model  size, 
unavoidable  friction  losses  in  the  suspension  system,  slight 
dissymmetry  in  the  model  and  mounting,  etc.,  made  this  parti¬ 
cular  arrangement  impractical. 

B.  Simple  Torsion  Pendulum  Arrangement 

The  experimental  arrangement  eventually  adopted 
is  similar  to  that  of  Ref  7.  It  consists  of  a  specially 
designed  test  frame  incorporating  a  simple  torsion  pendulum, 
adjustable  mounting  arms  for  the  models,  and  the  necessary 
apparatus  for  sensing,  recording,  and  timing  of  the  oscilla¬ 
tions.  Figure  1  shows  the  main  dimensions  and  design  features 
of  th'-  test  frame.  The  torsion  rod  initially  used  wa3  a 
1/8  inch  diameter  drill  rod,  22  inches  long,  which  was 
mounted  vertically  and  held  fixed  at  both  ends.  A  small 
fitting  is  clamped  on  the  rod  at  mid-point  and  carries  two 
threaded  3/32  inch  diameter  shafts  for  mounting  the  models 
such  that  the  torsional  oscillation  of  the  central  rod  im¬ 
parts  the  model  motion  under  investigation. 

For  symmetry,  two  identical  models  mounted  on 
opposite  arms  are  used  for  the  two-body  tests.  If  the  motion 
to  be  simulated  is  about  an  axis  through  the  model,  a  single 
model  is  attached  directly  to  the  midpoint  of  the  rod.  In 
other  words,,  the  center  of  gravity  of  the  model  system  is 
made  to  coincide  with  the  midpoint  of  the  torsion  rod. 

The  dimensions  of  the  test  frame  were  chosen  so 
that  it  could  be  conveniently  immersed  in  the  reservoir  tank 
of  the  water  analogy  facility, 

C.  Oscillation  Detection  System 
1.  Inductance  Transducer 

For  the  early  tests  with  the  1/8  inch  torsion  rod, 
a  small  linear  variable  differential  transformer*  was  used  as 
a  transducer  to  detect  the  oscillations.  The  coil  was  mounted 
in  a  plexiglass  fitting  attached  to  the  crossarm  fitted  to 
the  torsion  rod  near  the  top.  Means  were  provided  for  initially 
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centering  the  core  of  the  transducer.  The  transducer  is 
mounted  near  the  upper  end  of  the  torsion  rod  just  above  the 
immersion  level. 

Figure  2  is  a  photograph  of  the  test  frame  showing 
the  transducer  system  and  a  pair  of  circular  disks  attached 
to  the  torsion  rod.  Figure  3  illustrates  the  amplifying, 
recording  and  timing  equipment  used.  This  consists  of  a 
Model  BL-310  Brush  Strain  Analyser,  a  two  channel  Brush  pen 
recorder,  a  variable  frequency  oscillator  and  a  Cathode-Ray 
oscilloscope. 

In  view  of  the  over-all  dimensions  of  the  apparatus 
and  the  relatively  small  range  of  frequencies  of  the  detec¬ 
tion  and  recording  systems  and  in  order  to  obtain  satisfactory 
experimental  measurements,  it  became  necessary  to  optimize 
the  relationship  between  the  model's  mass  moment  of  inertia, 
its  apparent  moment  of  inertia,  and  the  torsion  rod  spring 
constant.  For  the  experiments  utilizing  two  solid  bodies 
mounted  symmetrically  about  the  torsion  rod,  the  1/8  inch 
rod  was  satisfactory.  In  later  tests  using  single,  thin-shell 


FIG  a  TEST  FRAME  AND  OSCILLATION  DETECTION  EQUIPMENT 
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canopies,  the  oscillations  were  too  small  to  be  measured 
accurately,  because  the  mass  moment  of  inertia  of  the  model 
was  relatively  small.  -It  then  became  necessary  to  either 
reduce  the  stiffness  of  the  rod  or  to  increase  the  mass  moment 
of  inertia  of  the  canopy  model.  Since  the  test  frame  dimen¬ 
sions  limit  the  size  of  the  canopy  models  and  the  use  of 
thicker  metal  is  undesirable  for  adequate  simulation  of  thin 
walled  canopies,  the  mass  moment  of  inertia  of  the  models 
could  not  be  appreciably  increased.  A  l/l6  inch  torsion  rod 
was  then  introduced  to  reduce  the  stiffness. 

The  use  of  the  smaller  torsion  rod  introduced  some 
difficulties  in  the  detection  of  oscillations  by  means  of 
the  inductance  transducer.  With  the  l/l6  inch  drill  rod  as 
the  torsion  member,  the  alignment  of  core  and  coil  could  not 
be  maintained  due  to  the  more  flexible  nature  of  the  smaller 
rod.  It  was  therefore  decided  to  modify  the  oscillation  de¬ 
tection  system. 

2.  Capacitance  Transducer 

Capacitance  plates  mounted  symmetrically  at  the 
ends  of  a  detection  rod  were  used  in  conjunction  with  rigid 
plates  positiored  such  that  the  system  constituted  a  variable 
capacitor.  The  moving  plates  and  the  fixed  plates,  shown 
In  Pig  4,  are  mounted  1/8  inch  apart.  The  changing  capaci¬ 
tance  is  detected,  amplified  and  fed  into  one  channel  of  the 
two  channel  Brush  pen  recorder.  Figure  5  diagrammatically 
shows  the  basic  components  of  the  oscillation  detection, 
amplification  and  recording  system.  Figure  6  shows  the  pre¬ 
sent  Instrumentation  with  a  hollow  hemispherical  model  and 
attached  spheres  mounted  on  the  torsion  rod.  This  system 
provides  for  larger  tolerances  and  easier  adjustments  than 
the  one  using  the  inductance  transducer. 

D .  Models 

1.  Two -Body  Solid  Models 

Preliminary  tests  were  conducted  using  standard 
geometric  shapes  in  order  to  compare  results  with  previous 
theoretical  and  experimental  results.  Figure  7  is  a  photo¬ 
graph  of  the  disks,  spheres  and  cubes  that  were  tested.  All 
of  these  models  were  mounted  in  a  manner  similar  to  that  of 
the  disks  shown  in  Fig  2. 

2.  Canopy  Models 

2.1.  Motion  about  an  Axis  Through  the  Center  of  Gravity 

The  initial  tests  on  canopy  models  were  for  motion 
about  an  axis  through  the  center  of  gravity  of  the  canopies; 
therefore,  single  models  mounted  directly  to  the  torsion  rod 

were  used. 

0 

For  the  preliminary  tests  on  rigid  canopies,  two 
thin-shelled  hemispherical  models  were  used.  One  model,  made 
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FIG  6.  TEST  APPARATUS  WITH  5"  CANOPY 
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FIG  7  PHOTOGRAPHIC  VIEW  OF  MODEL  DISKS,  SPHERES, 
AND  CUBES  TESTED 


of  steel,  had  an  outside  diameter  of  4  Inches  and  the  other 
model,  made  of  aluminum,  had  an  outside  diameter  of  6  Inches. 
Both  models  had  wall  thicknesses  of  0.06  Inch.  These  models 
oscillated  with  very  little  damping  in  air,  but  in  water  the 
damping  was  significant,  thereby  violating  our  original 
assumptions.  Also,  it  was  difficult  to  record  enough  oscil¬ 
lations  to  get  representative  periods  in  water.  To  overcome 
these  difficulties,  solid  spheres  were  mounted  on  rods  pro¬ 
truding  from  the  canopy  as  shown  in  Pig  8.  These  spheres 
are  mounted  in  such  a  way  as  not  to  interfere  with  the  flow 
about  the  canopy;  that  is,  the  distance  L  is  large  compared 
with  the  sphere  diameter  and  the  movement  of  the  sphere  is 
small.  The  real  moment  of  inertia  of  the  system  was  increased 
by  the  addition  of  these  spheres  and  the  damping  effect  of 
the  water  was  relatively  smaller.  The  apparent  moment  of 
inertia  due  to  the  spheres  can  be  accurately  accounted  for 
as  will  be  shown  later. 

Figures  8,  9*  10  and  11  are  drawings  of  the  hemi¬ 
spherical,  circular  flat,  ribbon  and  ribless  guide  surface 
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canopy  models  with  the  additional  spheres  attached.  The 
hemispherical  and  ribless  guide  surface  models  were  made  of 
steel  and  the  circular  flat  and  ribbon  models  were  made  of 
aluminum.  All  of  these  models  were  spun  from  sheet  metal 
.060"  thick.  The  ribbon  canopy  model  had  a  geometric  poro¬ 
sity  of  25.3#  and  was  fabricated  by  cutting  slots  in  an 
aluminum  circular  flat  model.  Figures  12  and  13  are  a 
photograph  and  a  drawing  showing  the  location  and  dimensions 
of  the  slots  in  the  ribbon  model. 

2.2.  Motion  About  an  Axis  Through  the  Confluence  Point 

The  models  which  were  oscillated  about  an  axis 
through  the  confluence  point  had  a  projected  diameter.  Dp, 
of  2.5”  and  were  spun  out  of  .040"  sheet  metal.  The  hemi¬ 
spherical,  circular  flat  and  ribbon  canopy  models  were  made 
of  aluminum  and  the  ribless  guide  surface  model  was  made  of 
steel.  The  geometric  porosity  of  this  ribbon  canopy  is 
approximately  27$.  Drawings  of  these  models  are  not  presented 
because  they  had  profiles  similar  to  their  6"  diameter  counter 
parts  shown  in  Figs  8  through  11. 

Two  different  test  arrangements  were  used  on  these 
canopies.  In  both  cases  the  leading  edge  of  the  canopy  skirt 
was  a  distance  1.33  Dp  from  the  axis  of  oscillation  as  shown 
in  Figs  14  and  15 .  Figure  14  shows  the  configuration  used 
in  the  initial  tests  where  two  small  steel  spheres  were 
mounted  symmetrically  about  the  torsion  rod  to  increase  the 
inertia  of  the  system  in  much  the  same  manner  as  used  earlier 
on  the  single  canopy  tests.  In  later  tests  a  large,  centrally 
mounted  sphere  was  used  for  the  same  purpose.  The  centrally 
mounted  sphere  has  the  advantage  of  increasing  the  inertia 
of  the  system  without  increasing  the  apparent  inertia.  Figure 
15  shows  the  central  sphere  arrangement. 
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FIG  12.  PHOTOGRAPH  OF  6"  RIBBON 
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FIG  14  PHOTOGRAPH  SHOWING  TWO  l^"  AT¬ 
TACHED  SPHERES  AND  2.5"  Dd  RIBBON 
CANOPIES  FOR  CONFLUENCE  POINT  TESTS 


FIG  15.  PHOTOGRAPH  SHOWING  CENTRALLY 

MOUNTED  3"  SPHERE  AND  2.5"  Dp  RIBBON 
CANOPIES  FOR  CONFLUENCE  POINT  TESTS 
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4.  EXPERIMENTAL  PROCEDURE  AND  RESULTS 

A.  Experimental  Procedure 

1 .  Timing 

The  known  constant  frequency  output  of  the  oscil¬ 
lator  is  fed  into  one  channel  of  the  Brush  pen  recorder. 

During  testing,  the  oscillator  frequency  is  constantly  checked 
for  accuracy  by  feeding  its  signals  into  the  y-axis  amplifier 
of  the  oscilloscope  and'  feeding  60-cycle  line  current  into 
the  x-amplifier.  By  observing  the  Lissajous  pattern  appear¬ 
ing  on  the  oscilloscope  screen,  any  whole  number  multiple  or 
simple  fraction  of  60  cycles  per  second  can  be  set  on  the 
oscillator.  In  all  of  the  tests,  a  frequency  of  15  cycles 
per  second,  deemed  to  be  the  most  satisfactory  for  the  pen 
recorder,  was  used  as  the  time  base,  corresponding  to  a  4  to 
1  Lissajous  pattern  on  the  oscilloscope.  The  output  of  the 
strain  analyzer,  which  is  excited  by  the  transducer  mounted 
on  the  torsion  rod  system,  is  fed  into  the  other  channel  of 
the  Brush  recorder.  The  recorder  paper  then  has  two  sinusoidal 
traces  corresponding  to  the  input  frequencies  in  each  channel. 
The  frequency  of  the  time  base  trace  is  known  and  therefore 
the  unknown  frequency  of  the  system  trace  can  be  determined. 
Figure  16  shows  a  sample  of  recorder  paper  along  with  an 
illustrated  calculation  of  the  system’s  period  of  oscillation. 


T  *  32JB  +  144jO=.2270  seconds 


FIG  16  SAMPLE  OF  TRACE  ON  RECORDING  PAPER 
SHOWING  CALCULATION  OF  THE  PERIOD  T 
FOR  1.5*  DIAMETER  SPHERES 
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2.  Determination  of  Spring  Constant 

The  determination  of  the  spring  constant,  K,  can  be 
accomplished  by  either  a  static  or  a  dynamic  test.  In  the 
static  test,  the  system  was  set  up  as  shown  in  Fig  17,  with 
the  angle  of  deflection  determined  by  the  small  angle  formula 

e=  .  (4.i) 

Since  the  moment  arm  used  in  this  experiment  seemed 
to  bend  appreciably,  thereby  adding  its  own  deflection, .  an¬ 
other  test  was  conducted  to  correct  for  the  additional  deflec¬ 
tion  of  the  moment  arm.  The  moment  arm  was  secured  in  a  rigid 
vice  and  reloaded  in  the  same  manner  as  it  was  when  on  the 
torsion  rod.  The  deflection  for.  any  given  load  measured  in 
this  test  was  subtracted  from  the  deflection  for  the  corres¬ 
ponding  load  on  the  torsion  system.  The  angles  were  plotted 
as  a  function  of  the  applied  torque,  with  the  slope  of  the 
line  determining  the  spring  constant. 

In  the  dynamic  test,  the  moment  of  inertia  of  the 
system  was  calculated  and  the  period  in  air  measured.  From 
these  values  the  spring  constant  was  calculated  using  Eqn  4.2, 

k  =  ,  (4.2) 

where  K  is  the  spring  constant  in  dyne -cm.  The  calculated 
moment  of  inertia,  I,  takes  into  account  systems  1,  2  and  3 
shown  in  Fig  1.  System  1,  which  included  the  spherical,  models 
and  the  members  used  to  attach  the  models  to  the  torsion  rod, 
had  a  calculated  moment  of  inertia  of  60.8  x  10)3  gm-cm2. 

System  2,  which  Included  the  fastener  and  the  rods  supporting 
the  moving  part  of  the -transducer,  had  a  calculated  moment 
of  Inertia  of  .33  x  10^  gm-cm2.  The  torsion  rod  Itself,  which 
had  a  moment  of  inertia  of  .0005  x  10^  gm-cm2,  constituted 
System  3  and  was  disregarded. 

The  spring  constant  determined  in  this  manner  com¬ 
pared  very  well  with  the  constant  determined  by  the  static 
test.  For  the  torsion  rod  that  was  tested  both  statically 
and  dynamically,  the  spring  constant  determined  by  the  static 
test  was  45.8  x  10b  dyne -cm,  while  the  dynamic  test  gave 
46.0  x  10°  dyne -cm.  The  value  of  the  spring  constant  deter¬ 
mined  by  the  dynamic  tests  is  used  in  the  data  reduction  be¬ 
cause  the  testing  procedure  for  determining  the  apparent  moment 
of  Inertia  is  similar  to  that  for  the  determination  of  the 
spring  constant* 

3.  Calculation  of  I1  for  Two -Body  Tests 

For  the  two-body  tests,  the  models  were  mounted 
symmetrically  on  the  torsion  rod  as  shown  in  Fig  1.  The 
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FIG  17  EXPERIMENTAL  ARRANGEMENT  FOR  STATIC 
MEASUREMENT  OF  SPRING  CONSTANT 
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apparent  moment  of  inertia  of  the  models  was  found  by  measur¬ 
ing  the  periods  of  oscillation  of  the  system  in  -air  and  in 
water  and  substituting  these  values  into  Eqn  2.13.  Under 
our  testing  conditions  the  apparent  moment  of  inertia  of  the 
system  without  models,  I*  ,  had  an  estimated  value  of  31.14 
gm-cm2  which  is  negligibly  small.  With  this  condition  Eqn  2.13 
becomes 

11  =  ah  (T»2  -  O'  (*-3> 

where  I*  is  the  apparent  moment  of  inertia  of  the  two  models. 

4.  Calculation  of  I*  for  the  Single  Canopy  Test 3 

In  the  single  canopy  tests,  it  was  necessary  to 

account  for  the  effect  of  the  attached  spheres.  Neglecting 
mounting  apparatus,  the  apparent  moment  of  inertia  of  the 
canopy  and  the  two  attached  spheres  (i^  +  l2g),  is  obtained 
by  experimental  determination  of  the  periods  of  oscillation 
in  air  and  water  and  the  use  of  the  relationship 

(IJ  +  *2.)  =  4^5  (V2  -  Ta2)  .  (4.4) 

which  is  a  modification  of  Eqn  2.13.  The  spring  constant, 

K,  used  in  this  equation  was  found  by  a  separate  experiment 
as  outlined  before.  The  attached  spheres 1  contribution  to 
the  total  apparent  moment  of  inertia  is  designated  Igg,  and 
is  found  by  the  equation: 

l2s  =  2(M^  L2)  =  2(0.5  Md)W  L2)  =  MdjW  L2  .  (4.5) 

As  a  check  on  this  method,  two  hollow  hemispherical  canopies 
of  the  same  geometry  but  different  masses  were  tested.  Both 
canopies  had  an  outside  diameter  of  5  inches  and  a  wall  thick¬ 
ness  of  .06  inch,  but  one  was  made  of  steel  and  the  other  of 
aluminum.  Each  canopy  was  tested  with  two  sets  of  spheres, 
one  set  of  lj  inch  steel  spheres  and  one  set  of  lj  inch  steel 
spheres,  and  the  final  results  for  1^  were  compared. 

5.  Test  Reynolds  Number 

In  the  tests,  the  motion  Is  oscillatory  and  the 
velocity  of  the  canopy  models  fluctuates  between  zero  and  a 
maximum  value. 

The  order  of  magnitude  of  the  flow  Reynolds  number 
will  be  determined  on  the  basis  of  an  average  velocity  obtained 
by  dividing  the  distance  traveled  in  one  complete  cycle  by 
the  period  of  oscillation.  An  angle  of  oscillation  of  +  2°  is 
assumed  and  the  canopy  diameter  is  used  as  the  characteristic 
length . 
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The  following  values  are  used  for  the  kinematic  vis¬ 
cosity  V  of  water  and  air  at  room  temperature: 

i/w  =  1.23  x  10"5  ft2/sec 

and 

U  =  1.56  x  10"4  ft%ec. 

oL 

For  angular  motion  about  an  axis  through  the  center 
of  gravity  of  the  included  mass,  the  model  canopy  diameter 
was  6  inches,  and  assuming  a  typical  period  of  0.9  sec  in 
water  and  O.o  sec  in  air,  the  calculated  Reynolds  numbers  were: 

Rew  =  158O  and  Re&  =  140. 

For  the  models  oscillating  about  an  axis  through  the 
confluence  point,  the  model  canopy  diameter  was  2.5  inches, 
the  radial  arm  from  the  skirt  to  the  axis  of  oscillation  was 
1.33  x  2.5  =  3.33  inches,  and  assuming  typical  periods  of 
0.5  sec  in  water  and  0.4  sec  in  air,  the  average  Reynolds 
numbers  were: 

Rew  =  1300  and  Re&  =  128. 

These  values  justify  the  assumption  of  potential  flow. 

B.  Experimental  Results 

1.  Two -Body  Tests 

The  data  from  tests  on  the  disks  is  presented  in 

terms  of  the  additional  mass,  M',  in  order  to  compare  our 

results  with  those  of  Ref  7.  The  working  equation  used  for 
calculating  M*  was  arrived  at  by  modification  of  Eqn  4.3. 

The  modified  equation  has  the  form 

I*  =  2M'L2  ,  (4.7) 

where  M'  is  the  apparent  mass  of  one  disk  and  L  is  the  dis¬ 
tance  from  the  torsion  rod  to  the  center  of  one  of  the  disks. 

Therefore, 


M * 


11  =  K 

2?  8  naL2 


(4.8) 


Figure  18  is  a  graph  comparing  M'  from  our  tests 
on  disks  with  experimental  and  theoretical  values  found  in 
Ref  7*  Our  test  results  lie  between  previously  obtained 
experimental  values  and  the  values  calculated  by  available 
theory. 
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FIG  18.  APPARENT  MASS  VERSUS  RADIUS 


M{j,w  (grans) 

FIG  19.  APFARENT  MASS  VERSUS  DISPLACED 
MASS  FOR  SPHERES  AND  CUBES 
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Table  1  presents  the  apparent  mass  of  the  disks  in 
the  nondimens  ional  form  M'/Mr  where  Mr  is  the  mass  of  a  spher¬ 
ical  volume  of  water  with  a  diameter  equal  to  that  of  the  disk 
tested. 

To  facilitate  the  comparison  of  our  test  results 
with  the  results  of  Ref  8,  the  data  from  tests  on  cubes  and 
spheres  is  presented  in  the  dimensionless  form  M'/tod,w  » 
where  Md,w  the  mass  of  water  displaced  by  the  model.  These 
experimental  results  are  given  in  Table  2,  where  Column  1 
gives  the  characteristic  dimension  of  the  model  in  centimeters . 

The  comparison  of  our  test  results  and  Lamb's  theor¬ 
etical  results  for  spheres  and  cubes  is  presented  in  graphical 
form  in  Pig  19. 

In  view  of  the  satisfactory  agreement  between  our 
test  results  and  available  experimental  and  theoretical  re¬ 
sults  for  these  configurations,  the  same  experimental  techniques 
were  applied  to  the  determination  of  the  apparent  moment  of 
inertia  of  rigid  parachute  canopy  models  for  which  no  theor¬ 
etical  or  experimental  data  are  available. 

2.  Single  Canopy  Tests 

In  order  to  compare  the  test  results  for  the  dif¬ 
ferent  canopy  configurations,  it  was  necessary  to  devise  a 
meaningful,  dimensionless  representation  of  the  apparent 
moment  of  inertia.  The  dimensionless  form,  defined  by 

A'r,c  =  Tr  ’ 

was  adopted.  In  this  representation,  I'c  is  the  apparent 
moment  of  inertia  of  the  canopy  model  and  Ir  is  the  moment 
of  inertia  of  a  reference  body  based  on  the  canopy  geometry 
and  the  fluid  density. 

A  sphere  of  water  which  has  a  diameter  equal  to 
the  canopy  projected  diameter,  Dp,  was  used  as  a  reference. 

Its  moment  of  inertia  is  given  by 

=  PwJTj  n  ("£)5  .  (4.10) 

This  moment  of  inertia  was  chosen  for  reference  because  of 
its  suitability  for  comparing  different  canopy  shapes  of 
equal  projected  diameters.  It  is  also  applicable  to  the 
limiting  case  of  a  flat  disk.  This  reference  moment  of  inertia 
was  calculated  using  the  exact  diameter  of  each  canopy  model 
tested. 

2.1. Oscillation  Axis  Passes  Through  the  Canopy 

Table  3  presents  the  experimental  data  and  calcu¬ 
lations  for  two  5"  diameter  hemispherical  canOpy  models,  each 
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TABLE  1.  EXPERIMENTAL  DATA  AND  CALCULATIONS  OF  APPARENT 
MASS  FOR  CIRCULAR  DISKS 


MODEL 

r 

cm 

as 

H 

| 

@ 

L2 

cm2 

<$> 

^xIO3 

cm’2 

® 

Kxtf 

d^w-cm 

OTT 

dyn«*cm 

■ '  E 

ppj 

© 

Ta 

MC 

Eg 

• 

M* 

9m 

9 

Mr 

gm 

DISK  I 

1.920 

0.356 

11.60 

134.6 

7.429 

47.00 

59.53 

4422 

.1127 

.0866 

15207 

23.02 

29.62 

.777 

1.920 

0.356 

11.60 

134.6 

7.429 

47.00 

59.53 

4422 

.1124 

.0867 

.5117 

22.63 

29.62 

.764 

1.920 

0.356 

11.60 

134.6 

7.429 

47.00 

59.53 

4422- 

.1127 

.0867 

15184 

22.92 

29.62 

.774 

DSK  I 

1.683 

0.295 

11.49 

132.0 

7.576 

47.00 

59.53 

4510 

.0926 

.0710 

15.94 

19.95 

MS 

1.683 

0.295 

11.49 

132.0 

7.576 

47.00 

59.53 

4510 

.0926 

.0710 

19.95 

R!S 

1.683 

0.295 

11.49 

132.0 

7.576 

47.00 

59.53 

4510 

.0929 

.0710 

BH) 

16.19 

19.95 

.811 

a 

2.500 

0.335 

12.30 

151.3 

6.609 

59.53 

3934 

.1650 

.1201. 

1.280 

50.36 

2.500 

0.335 

12.30 

151.3 

6.609 

59.53 

3934 

.1650 

.1205 

1.270 

49.98 

65.41 

.764  I 

2.500 

0.335 

12.30 

151.3 

6.609 

BJE 

59.53 

.1644 

H3E 

ESS 

65.41 

DISK  32 

3.176 

0.320 

12.98 

168.5 

5.935 

47.00 

59.53 

3533 

.2342 

.1622 

2.854 

100.8 

son 

.752 

0.320 

12.98 

168.5 

5.935 

47.00 

59.53 

3533 

.2353 

.1621 

2.904 

102.6 

134.1 

.765 

3.176 

0.320 

12.98 

168.5 

5.935 

47.00 

59.53 

3533 

.2346 

2.876 

101.6 

134.1 

.758 

DISK  2 

3.178 

0.312 

12.98 

168.5 

5.935 

47.00 

59.53 

3533 

.1942 

.0930 

2. 906 

102.7 

134.4 

.764 

3.178 

0.312 

12.98 

47.00 

59.53 

3533 

.1948 

.0930 

2.906 

103.5 

134.4 

.776 

3.178 

0.312 

12.98 

168.5 

5.935 

47.00 

59.53 

3533 

.1935 

.0932 

2.876 

101.6 

134.4 

.755 

c  M* 

Mr 


6TT 


fe<T2-  Ta2) 


L  — >•  — ^ 


MOnON 

-ciS^ 


END  VIEW  OF 
TORSION  ROD 


TABLE  2.  EXPERIMENTAL  DATA  AND  CALCULATIONS  OF  APPARENT  MASS  FOR 
CUBES  AND  SPHERES 


MODEL 

O 

r 

CM 

© 

1 

CM 

© 

L 

CM 

© 

L2 

CM2 

© 

■j7x1°3 

cm"2 

m 

Tw 

SEC 

® 

Ta 

SEC 

© 

xIO2 

SEC2 

@ 

M' 

GM 

Mr 

GM 

r  -  M' 

Mr 

®/@ 

CUBE 

2.34 

10.85 

117.7 

8.496 

47.21 

59.79 

5080 

.1536 

.1480 

.1689 

8.580 

12.80 

.6703 

2.34 

10.85 

117.7 

8.496 

47.21 

59.79 

5080 

,1534 

.1480 

.1628 

8.270 

12.80 

.6462 

— 

2.34 

10.85 

117.7 

8.496 

47.21 

59.79 

5080 

.1481 

.1629 

8.275 

12.80 

.6465 

SPHERE 
rrl  59cm 

1.59 

11.26 

126.9 

59.84 

4715 

.1733 

.1678 

.1876 

8.845 

16.80 

.5265 

11.26 

126.9 

7.880 

47.25 

59.84 

4715 

.1733 

.1678 

.1841 

8.680 

16.80 

.5167 

1.59 

11.26 

126.9 

7.880 

47.25 

59.84 

4715 

.1733 

.1678 

.1876 

8.845 

16.80 

.5265 

SPHERE 

rr  190cm 

1.90 

_ 

11.58 

134.1 

7.455 

46.48 

58.87 

4389 

*2349 

.2278 

.3285 

14.42 

29.00 

.4972 

1.90 

_ _ _ 

11.58 

134.1 

7.455 

46.48 

58.87 

4389 

.2348 

.2278 

.3238 

14.21 

29.00 

.4900 

1.90 

— 

11.58 

134.1 

7.455 

46.48 

58.87 

4389 

.2351 

.2278 

.3379 

14.83 

29.00 

.5114 

TABLE  3  EXPERIMENTAL  DATA  AND  CALCULATIONS  OF  APPARENT  MOMENT 
OF  INERTIA  OF  TWO  HEMISPHERICAL  CANOPY  MODELS  OSCILLATING  ABOUT 
AN  AXIS  THROUGH  CANOPY  G  G. 
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oscillating  about  an  axis  through  the  center  of  gravity  of 
the  canopies.  The  results  are  presented  in  both  the  dimen¬ 
sional  form  I'c  and  the  nondimens Ional  form  A'r  c  .  As  shown 
in  Table  3*  these  canopies  were  of  different  material  and 
they  were  both  tested  with  two  sets  of 'spheres.  The  small 
variation  in  I'c  from  canopy  to  canopy  may  be  due  to  slight 
experimental  inaccuracies  in  the  mounting  of  the  attached 
spheres.  These  results  appear  to  justify  the  method  of  using 
attached  spheres. 

2.2.  Oscillation  Axis  Passes  Through  C.G.  of  Included  Mass 

Tables  4  and  5  give  experimental  data  and  calculation 
of  the  canopy  apparent  moment  of  ..nertia,  I'ff,  the  reference 
moment  of  inertia*  Ir,  and  the  nondimens  ional  apparent  moment 
of  inertia  coefficient,  A'rjC,  for  two  hemispherical  canopy 
models.  These  models  were  oscillated  about  an  axis  through 
the  center  of  gravity  of  the  mass  of  their  included  volumes 
rather  than  the  center  of  gravity  of  the  canopy  shell,  as  were 
those  presented  in  Table  3.  It  is  shown  that  the  apparent 
moment  of  inertia  of  the  hemispherical  canopy  is  smaller  when 
oscillating  about  the  c.g.  of  the  included  mass  than  when 
oscillating  about  the  c.g.  of  the  canopy  shell. 

Table  6  presents  the  test  data  and  calculated  re¬ 
sults  for  a  6"  diameter  circular  flat  canopy  model  oscillating 
about  an  axis  through  the  c.g.  of  the  mass  of  the  included 
volume  of  the  model.  The  results  show  satisfactory  repeat — 
ability  and  indicate  an  apparent  moment  of  inertia  coefficient 
of  the  same  order  as  those  for  the  hemispherical  canopies  for 
oscillation  about  an  axis  through  the  c.g.  of  the  included 
mass . 

Table  7  presents  the  test  data  and  calculated  re¬ 
sults  for  a  6"  diameter  ribbon  canopy  model  oscillating 
about  an  axis  through  the  center  of  gravity  of  the  included 
mass.  These  results  indicate  that  the  apparent  moment  of 
inertia  for  the  circular  flat  canopy  is  about  five  times  as 
great  as  for  the  ribbon  canopy. 

Test  data  and  calculated  results  for  a  6"  diameter 
ribless  guide  surface  canopy  model  are  given  in  Table  8. 

The  apparent  moment  of  inertia  coefficients  are  approximately 
equal  to  those  of  the  hemispherical  and  circular  flat  models. 

2.3.  Oscillation  Axis  Passes  Through  C.G.  of  Disk 

Table  9  presents  experimental  data  and  calculated 
results  for  a  4"  diameter  disk  oscillating  about  a  diameter. 

The  flat  disk  is  the  limiting  case  for  canopies  oscillating 
about  their  enclosed  volume  c.g.  The  values  of  the  apparent 
moment  of  inertia  coefficient,  A’r  c  ,  for  the  disk  are  greater 
than  for  the  other  canopy  models  as  was  expected. 

3.  Two -Canopy  Tests:  Motion  About  an  Axis  Through 
the  Confluence  Point 

It  was  necessary  to  define  a  reference  moment  of 
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TABLE  4.  EXPERIMENTAL  DACA  AND  CALCULATIONS  OF  APPARENT 
MOMENT  OF  INERTIA  OF  A  6"  HEMISPHERICAL  CANOPY  MODEL 
OSCILLATING  ABOUT  AN  AXIS  THROUGH  THE  C.  G.  OF  THE 
INCLUDED  MASS 


6" 

HEMISPHERE 

MODEL 

MCJ 

1 

O 

Mg ju 

I* 

L 

ca 

H 

© 

% 

V  " 

1  4 

ATTACHED 

SPHERES 

1.1274 

m i 

14.93 

16. 80 

R39 

B939 

BBS 

■PI 

2 

8.900 

1.1278 

*S9 

.1662 

14.79 

16.80 

16.07 

4.340 

1139 

■ra 

3 

8.900 

1.1287 

.9551 

.1736 

15.45 

16.80 

16.07 

4.340 

li.ii 

46.50 

.239 

4 

8.900 

1.1204 

.9596 

.1608 

14.31 

16.80 

16.07 

4.340 

9.97 

46.50 

.214 

Avaraga  Aj| -  .227 

,  1  " 

ATTACHED 

SPHERES 

Ti 

8.900 

1.8028 

.2076 

18.48 

28.95 

16.39 

7.778 

10.70 

46.50 

■SI 

2' 

8.900 

1.8152 

1.6030 

.2122 

18.89 

28.95 

16.39 

7.778 

11.11 

BBS 

3 

8.900 

1.8285 

1.6073 

E9 

18.78 

28.95 

16.39 

IRS9 

12.00 

HI 

4 

8.900 

1.8279 

1.6152 

.2127 

18.93 

28.95 

16.39 

7.778, 

11.15 

K5C 9 

ESI 

Avaraga  Ajj|0  -  .242 

K*- •Vic  t„vm..  l» 

** 
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TABLE  5l  EXPERIMENTAL  CAIA  AND  CALCULATIONS  OF  APPARENT 
MOMENT  OF  INERTIA  OF  A  5"  HEMISPHERICAL  CANOPY  MODEL  05- 
CLLATING  ABOUT  AN  AXIS  THROUGH  THE  C  G  OF  THE  INCLUDED  MASS 


IB 

© 

RUN 

NO 

H 

M 

g 

? 

MCJ 

H 

© 

Mg* 

«■ 

H 

H 

® , 
<<#(§* 
I„xlO^ 

© 

% 

«i“ 

ATTACHED 

mjpDpc 
or  TlLnu 

1 

8.900 

.7987 

.7155 

7.405 

16.80 

14.76 

3.661 

3.744 

15.24 

E3 

2 

8.900 

.8005 

.7144 

.0811 

7.218 

16.80 

14.76 

3.661 

3.557 

15.24 

.233 

8.900 

.8010 

.7176 

.0834 

7.423 

16.80 

14.76 

3.661 

3.762 

15.24 

.247 

n 

R39 

JBSB 

BKS 

16.80 

IBS 

BBS 

B9 

1 

Avgrag*  Aj||0  ■  .239 

« 1  *' 

ATTACHED 
-pi  mm 

SrrUCd 

1 

'  _B 

BBS 

5^9 

BBS 

BBS 

sm 

RP1 

2 

8.900 

■5S 

7.565 

28.95 

11.35 

BPS 

3.835 

15.24 

.252  1 

3 

IR'  $ 

Kj^9 

Rml 

.0849 

BBS 

BB! 

HSB 

3.826 

15.24 

1 

n 

HES 

R3BB 

RBI 

19 

7.423 

28.95 

11.35 

RTS 

BBS 

15.24 

E9 

Avgrggg  "4^^  -  .243 
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TABLE  6  EXPERIMENTAL  DMA  AND  CALCULATIONS  OF  APFARENT 
MOMENT  OF  INERTIA  OF  A  6"  CIRCULAR  FLAT  CANOPY  MODEL  OS¬ 
CILLATING  ABOUT  AN  AXIS  THROUGH  THE  C  G  OF  THE  INCLUDED  MASS 

,  v—  •’.{  if  .vlr/'V  ' •  v  a  *!  v’VT'i 


6" 

CIRCULAR 

FIAT 

MODEL 

© 

RUN 

NO 

g 

c  1 

i 

iA*> 

<2> 

«* 

H 

§§ 

ml 

M 

© 

% 

1  4- 

ATTACHED 

SPHERES 

1 

8.900 

.6719 

.5229 

.1490 

13.26 

16.80 

12.56 

2.66 

10.60 

46.50 

.228 

2 

8.900 

.6693 

.5249 

.1444 

12.85 

16.80 

12.58 

2.66 

10.19 

46.50 

.219 

3 

8.900 

.6648 

.5262 

.1436 

12.78 

16.80 

12.58 

2.66 

10.12 

46.50 

.218 

■a 

8.900 

.6724 

.5262 

.1462 

13.01 

16.80 

12.58 

2.66 

10.35 

46.50 

.223 

i 

fverage  *R'C  -  >221 

,  1  “ 

ATTACHED 

SPHERES 

1 

8.900 

1.0980 

.9243 

.1737 

15.46 

28.95 

12.90 

4.82 

10.64 

BBSS: 

.229 

2 

8.900 

.9176 

&WM 

15.34 

28.95 

12.90 

4.82 

10.52 

46.50 

.226 

3 

1  |HR 

1.1022 

.9264 

.1756 

15.63 

28.95 

4.82 

ISE9 

46.50 

MRS 

H 

1  8.900 

1.0860 

.9216 

.1644 

BUSS 

28.95 

6X3 

4.82 

9.81 

46.50 

.211  | 

Average  Ajj'c  »  .225 

l 
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TABLE  7.  EXPERIMENTAL  DATA  AND  CALCULATION  OF  APPARENT  MOMENT  OF 
INERTIA  OF  A  6“  RIBBON  CANOPY  CSCIULATING  ABl  t  AN  AXIS  THROUGH  THE  CG 
OF  THE  INCLUDED  MASS 


6" 

RIBBON 

MODEL 

0 

RUN 

NQ 

® 

f  x1<34 
4n* 

DYNE  -  CM 

® 

Ti 

SEC* 

® 

T? 

SEC* 

® 

T2.  T2 
■w  'a 

=®-© 

SEC* 

® 

xKT* 

«®x® 

GM-CM* 

@ 

Htw 

GM 

& 

L* 

CM* 

® 

*©X® 

GM-CM* 

^xXJ3 

GM-CM* 

®  . 

sI«xld’ 

& 

AVc 

•t 

GEOM 

■  ■ 

POROSITY 

1 

9. 

20 

.5776 

.5229 

.0547 

5.03 

28.96 

2.78 

46.50 

.048 

253*/. 

2 

.5764 

.5246 

.0518 

4.77 

■ 

■ 

■ 

■ 

1.99 

.043 

it" 

3 

.5802 

.5259 

m m 

■ 

2.22 

.048 

attached 

4 

.5776 

.5239 

.0537 

4.91 

2.13 

.046 

SPHERES 

5 

.5776 

.5240 

.0536 

4.93 

2.15 

.046 

6 

■ 

.5781 

.5230 

.0540 

4.97 

2.19 

.047 

7 

■ 

.5771 

.5236 

.0557 

5.07 

2.29 

.049 

8 

a 

.5755 

.5240 

.0535 

4.92 

■ 

■ 

2.14 

.046 

AVERAGE  A^sQ047 

,j.  -►v? 


a: 
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TABLE  a  EXPERIMENTAL  DATA  AND  CALCULATIONS  OF  APFARENT 
MOMENT  OF  INERTIA  OF  A  6"  RIBLESS  GUIDE  SURFACE  CANOPY 
MODEL  OSCILLATING  ABOUT  AN  AXIS  THROUGH  THE  C  G  OF  THE  *IN- 
QJJDED  MASS 


6"  RIBLESS 
GUIDE 
SURFACE 
MODEL 

© 

RUN 

NO 

B9 

9 

•ee2 

n 

© 

«« 

H 

n 

IrXIO-* 

© 

Am 

% 

1  4" 

ATTACHED 

SPHERES 

wm 

■Ilf 

.1583 

13.88 

16,80 

15.16 

3.86 

10.02 

43.88 

.228 

_2 _ 

8.77 

.9442 

.7866 

.1576 

16.80 

15.16 

3.86 

9.96 

43.88 

.227 

3 

8.77 

.9^09 

.7845 

.1564 

13.72 

16.80 

15.16 

3.86 

9.86 

43.88 

.225 

n 

8.77 

.9465 

.7862 

.1603 

14.06 

16.80 

15.16 

3.86 

10.20 

43.88 

.232 

_ 

KB 

Average  A^^  -  .228 

,  1  “ 

ATTACHED 

SPHERES 

i 

8.77 

1.5346 

1.3442 

.1904 

16.70 

28.95 

15.64 

7.08 

9.62 

43.88 

.219 

2 

8.77 

1.5349 

1.3430 

.1919 

16.83  ’ 

28.95 

15.64 

7.08 

9.75 

43.88 

.222 

3 

8.77 

1.5302 

1.3396 

16.71 

28.95 

15.64 

7.08 

9.63 

43.88 

.220 

4 

8.77 

1.5366 

1.3396 

.1970 

17.28 

28.95 

15.64 

7.08 

10.20 

43.88 

.232 

Average  AR'o  -  .223 

canopy 


TABLE  9.  EXPERIMENTAL  DATA  AND  CALCULATIONS  OF  APFARENT 
MOMENT  OF  INERTIA  OF  A  4”  DISK  OSCILLATING  ABOUT  AN  AXIS 
THROUGH  ITS  DIAMETER 


4" 

DISK 

MODEL 

<D 

RUN 

NO 

?• 

*w 

eec2 

9 

..c2 

M 

© 

Hyw 

8“ 

I 

gg 

© 

a'm 

% 

1  4* 

ATTACHED 

SPHERES 

1 

8.90 

.2526 

.2229 

.0297 

2.643 

16.80 

8.58 

1.235 

1.408 

5.667 

.248 

2 

8.90 

.2528 

.2234 

.0294 

2.617 

16,80 

8.58 

1.235 

1.382 

5.667 

.244 

3 

8.90 

.2523 

.2229 

.0294 

2.617 

16.80 

8.58 

1.235 

1.382 

5.667 

.244 

4 

8.90 

.2533 

.2232 

.0301 

2.679 

16.80 

8.58 

1.235 

1.444 

5.667 

.255 

Average  AR ' 

0  “  .248 

,  1  " 
'T 

ATTACHED 

SPHERES 

1 

8.90 

.02713 

.01166 

.01547 

1.377 

0.00 

0.00 

0.00 

1.377 

CEB 

.243 

2 

8.90 

.02699 

.01164 

.01535 

1.366 

0.00 

0.00 

0.00 

1.366 

5.667 

.241 

3 

8.90 

.02696 

.01169 

.01527 

0.00 

0.00 

0.00 

1.359 

5.667 

.240 

8.90 

.02699 

.01171 

.01528 

1.360 

0.00 

0.00 

0.00 

1.360 

5.667 

.240 

Average  Aj^  -  .241 

u  jo JHsW'V 


06K 


d.w 


L* 


Or* 

~k  .e-fcg10" 


END  VIEW  OF 
TORSION  ROO 
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.  -Inertia  for  the  confluence  point  tests  in  order  to  present 
•the  apparent  moment  of  inertia  in  dimensionless  form.  A 
system  incorporating  two  point  todies  each  having  masses 
equal  to  the  mass  of  a  sphere  of  water  of  diameter  Dp  and 
a  moment  arm  equal  to  the  distance  from  the  oscillation 
axis  to  the  center  of  gravity  of  the  canopy -enclosed  volume 
was  used  to  calculate  the  reference  moment  of  inertia,  I2R, 
as  shown  in  Eqn  4.11:  ^ 

*2R  =  Pw^^  (2)  •  (4.1l) 

where 

L  =  1.33Dp+lcg  (4.12) 

and  lCg  is  the  distance  from  the  leading  edge  of  the  canopy 
skirt  to  the  c.g.  of  its  included  mass.  It  should  be  noted 
that  the  measured  apparent  moment  of  inertia,  I*c,  is  for  two 
canopies.  Similarly,  the  reference  moment  of  Inertia,  I2R, 
is  that  of  two  identical  masses. 

Table  10  presents  the  apparent  moment  of  inertia, 

I*c,  and  the  nondlmens ional  apparent  moment  of  inertia  coeffi¬ 
cient,  A*R  c  ,  for  hemispherical,  circular  flat,  ribbon  and 
ribless  guide  surface  models .  The  data  presented  in  this 
table  Is  from  tests  using  the  central  sphere  arrangement  In 
which  no  correction  for  the  apparent  moment  of  inertia  of 
the  sphere  is  required.  The  results  were  quite  similar  for 
the  other  test  arrangement  using  two  smaller  spheres  and 
making  the  necessary  corrections  for  their  apparent  inertia. 

Table  11  summarizes  the  experimental  results  for 
the  apparent  mass  tests  initially  conducted  on  simple  bodies. 


TABLE  11.  SUMMARY  OP  EXPERIMENTAL  RESULTS  OP  APPARENT  MASS  TESTS 


MODEL 

REFERENCE 

MASS 

APPARENT 

MASS 

COEFFICIENTS 

REMARKS 

CIRCULAR  DISK 

O  +• 

Displaced  Fluid 
Mass  of  Sphere 
of  Same  Diameter 

0.772 

Average  of  Tests 
on  Five  Differ¬ 
ent  Sized  Disks 

CUBE 

♦-Q-* 

Displaced  Fluid 
Mass 

0.654 

Average  of  Tests 
on  One  Set  of 
Cubes 

Displaced  Fluid 
Mass 

0.511 

Average  of  Tests 
on  Two  Different 
Sized  Spheres 
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TABLE  10.  CALCULATION  OF  THE  APPARENT  MOMENT  OF 
INERTIA  COEFFICIENTS  FOR  FARACHUTE  MODELS  OSCIL¬ 
LATING  ABOUT  AN  AXIS  THROUGH  THE  CONFLUENCE  POINT 


MODEL 

CONFIG¬ 

URATION 

1 

1 

- 1 ; 

2.5f  Dp HEMI¬ 
SPHERE  CAN¬ 
OPY  WITH  3* 
CENTRAL 

SPHERE 

1 

9.20 

.2405 

.1571 

•0834 

76.73 

249.0 

.308 

.2414 

.1577 

.0837 

77.00 

.309 

m 

■ 

mill 

-BJ3 

.0846 

77.83 

.313 

Li 

i 

.2430 

.1566 

•0844 

77.65 

.312 

5 

.2427 

.1577 

.0850 

78.20 

.314 

Average  ArjC1  ■  .311 

2 &  DpORCU- 
LAR  FLAT 
CANOPY  WITH 
3*  CENTRAL 
SPHERE 

i 

9.20 

.2264 

.1607 

.0657 

60.44 

241.3 

.250 

m 

m 

.2240 

.1562 

.0658 

60.54 

.251 

\ 

.0667 

61.36 

.254 

4 

.2256 

.1602 

.0654 

60.17 

.249 

5 

) 

62.19 

-Tsai 

Average  Ar, 

c'  -  .252 

2.5*  RIBBON 
CANOPY  WITH 
3"  CENTRAL 
SPHERE 

i 

9.20 

.1712 

.1489 

.0223 

20.52 

241.3 

.085 

r 

_ c 

« 

_ Si 

) 

.1733 

.1501 

.0232 

21.34 

.088 

\ 

.1734 

.1496 

.0238 

21.90 

.091 

4 

.1705 

.1493 

.0212 

19.50 

•081 

mm 

f 

.1731 

.1495 

.0236 

21.71 

.090 

Average  Ar^c*  ■  .0 

67 

!  2.5#  Dp  RIBLESS 

GUIDE  SUR¬ 
FACE  CANOPf 
WITH  3*  CEN¬ 
TRAL  SPHERE 

i 

mm 

(EE1 

RK9 

228.8 

H£l 

r 

_ s 

) 

■ 

11 

.2373 

.1911 

.0462 

42.50 

■ 

■ 

.186  [ 

L 

S1EJ1 

B 

S 

4 

ibei 

HE-i 

11^505 

RR> 

_j 

R59 

_5_ 

.2351 

.1902 

.0449 

41.31 

.181 

Average  Ar,c*  ■  .11 

67  1 
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Tables  12  and  13  present  a  summary  of  the  apparent 
moment  of  Inertia  test  results  for  the  various  canopy  models 
In  two  modes  of  oscillation. 


TABLE  12.  SUMMARY  OP  EXPERIMENTAL  RESULTS  OP  APPARENT  MOMENT  OF 


INERTIA  FOR  CANOPIES  OSCILLATING  ABOUT  AN  AXIS  THROUGH  THE  C.G. 


Reference  Moment 
of  Inertia 

Ir 

Model 

Apparent  Moment  of 
Inertia  Coefficient 

arc 

Remarks 

Spherical 

Fluid  Mass  of 

Diameter  Dp 

Centered 

at  Specified 

C.G.  and 

Oscillating 

About  the 

Same  Axis 

Hemispherical 

Canopy 

D  =  5" 

0.324 

Axis  Through 
Canopy  C.G. 

Hemispherical 

Canopies 

D  =  5"  and  6" 

0.238 

Axis  Through  C.G. 
of  Included  Mass 

2  Models  Tested 

Circular  Flat 
Canopy 
•n  - 

Dp  -  0 

0.223 

Axis  Through 

C.G.  of 

Included  Mass 

1  Model  Tested 

Ribbon  Canopy 
G.P.  =  25.3$ 

Dp  =  6” 

0.047 

Ribless  Guide 
Surface  Canopy 

Dp  =  6" 

0.226 

El 

IB 

Disk 

D  =  4" 

0.244 

Diametrical  Axis 

1  Disk  Tested. 

TABLE  13.  SUMMARY  OF  EXPERIMENTAL  RESULTS  OF  APPARENT  MOMENT  OF 
INERTIA  FOR  CANOPIES  OSCILLATING  ABOUT  AN  AXIS  THROUGH  THE  CONFLUENCE 


POINT 


Reference  Moment 
of  Inertia 

X2R 

Model 

Apparent  Moment  of 

Inertia  Coefficient 

A » 
aRC 

Remarks 

Spherical 

Fluid  Mass  of 
Diameter  Dp 
Centered  at 

Included  Mass  C.G. 

and  Oscillating 
About  the 

Same  Axis 

(XD 

Hemispherical 

Canopy 

Dp  =  2 *5" 

.311 

Test  Results 

are  Averages 

of  Five  Runs 

on  Each  Model 

Using  Central 
Sphere 

Arrangement  of 

Fig.  15 

Circular  Flat 
Canopy 

Dp  =  2.5" 

.252 

Ribbon  Canopy 
G.P.  =  26.6$ 

Dp  =  2.5" 

co 

0 

• 

Rib less  Guide 
Surface  Canopy 

Dp  =  2.5" 

.187 
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5.  CONCLUSIONS  AND  GENERAL  REMARKS 


A.  Remarks  on  the  Experimental  Method 

The  experimental  apparatus  used  for  measuring  the 
apparent  moment  of  Inertia  of  idealized  parachute  canopy 
shapes  is  basically  very  simple.  Nevertheless,  accurate 
timing  of  the  period  of  oscillation  to  within  +  .0005  sec 
is  essential,  and  care  is  necessary  to  insure  proper  symmetry 
and  correct  alignment  in  model  mounting.  In  order  to  mini¬ 
mize  random  experimental  errors,  several  runs  were  made  for 
each  configuration  and  the  results  were  averaged. 

The  special  nature  of  the  flow,  characterized  by 
small  movements  from  rest,  little  damping  and  a  limited 
Reynolds  number  range,  justifies  the  assumptions  of  ideal, 
incompressible,  irrotational  flow.  The  experimental  results 
should  therefore  approach  the  theoretical  values  based  on 
potential  flow  theory  as  evidenced  by  the  satisfactory  agree¬ 
ment  initially  obtained  with  spheres  and  cubes .  The  effects 
of  surface  friction  and  flow  separation  appear  to  be  negligible. 

All  the  tests  reported  were  conducted  in  air  and 
water  only.  No  need  was  felt  for  using  other  liquids,  since 
previous  experimenters  had  confirmed  the  existence  of  a  direct 
relationship  between  apparent  mass  and  fluid  density. 

The  main  dimensions  of  the  apparatus  (i.e.,  the 
length  of  the  torsion  pendulum  aid  size  of  the  test  frame) 
were  dictated  by  practical  considerations  and  more  specifi¬ 
cally  by  the  dimensions  of  the  water  tank.  The  diameter  of 
the  torsion  pendulum,  model  size  and  additional  system  Inertia 
were  optimized  experimentally.  It  was  also  ascertained,  by 
experiment,  that  the  effects  of  the  side  walls  and  finite 
water  depth  were  negligible  to  the  order  of  experimental 
accuracy.  The  2.5"  models  were  made  from  .040"  thick  alumi¬ 
num  or  steel  and  the  6"  models  were  made  from  .060"  thick 
aluminum  or  steel.  All  of  the  models  were  spun  out  to  the 
inflated  canopy  shapes . 

Initially,  tests  were  conducted  on  identical  hemi¬ 
spherical  shells  made  of  steel  and  aluminum  and  these  tests 
showed  no  significant  effect  of  the  model  mass  on  the  experi¬ 
mentally  determined  apparent  moment  of  inertia.  Subsequently, 
therefore,  the  model  material  was  selected  on  the  basis  of 
ease  of  fabrication  and  reduced  cost. 

The  geometric  porosity  of  the  ribbon  parachute 
configuration  was  represented  by  corresponding  cutouts,  but 
there  was  no  attempt  to  represent  the  cloth  porosity,  the 
bulging  out  of  the  individual  gores  or  the  effect  of  the 
suspension  lines. 
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B.  Discussion  of  the  Experimental ^Results 

The  experimental  results  for  the  canopies  are 
presented  in  nondimens ional  form  by  using  for  reference  the 
moment  of  inertia  of  a  sphere  of  diameter  equal  to  the  pro¬ 
jected  canopy  diameter.  This  hypothetical  sphere  is  assumed 
to  have  the  same  density  as  the  fluid  medium,  to  be  subjected 
to  the  same  angular  motion  as  the  canopy  under  consideration 
and  to  act  as  one  rigid  mass. 

For  angular  motion  about  an  axis  through  the  center 
of  gravity  of  the  included  mass,  the  apparent  moment  of  inertia 
of  the  circular  flat  and  the  ribless  guide  surface  canopies 
were  very  nearly  the  same.  The  average  experimental  values 
for  the  apparent  moment  of  inertia  ratio  A'p  «  were  .223  for 
the  circular  flat  and  .226  for  the  ribless  guide  surface  types. 
The  average  value  for  the  hemispherical  canopy  was  slightly 
larger  at  .238.  A  ribbon  canopy  model  having  the  same  profile 
as  that  of  the  circular  flat  canopy  but  with  25.3#  geometric 
porosity  showed  a  very  considerable  reduction  of  the  value  of 
A*r,c  from  .223  down  to  .047,  a  reduction  of  about  80#  from 
the* value  of  the  circular  flat  canopy. 

For  angular  motion  about  an  axis  through  the  con¬ 
fluence  point  assumed  to  be  located  at  a  distance  of  1.33  Dp 
from  the  canopy  skirt,  the  average  experimental  values  for 
a'r  c  were  .311  for  the  hemispherical  canopy,  .252  for  the 
circular  flat,  .187  for  the  ribless  guide  surface  and  .087 
for  the  ribbon  configuration.  Thus,  the  experimental  value 
of  the  apparent  moment  of  inertia  of  the  ribbon  model  is, 
roughly  speaking,  a  little  less  than  half  that  of  the  ribless 
guide  surface  model  and  very  nearly  one  third  that  of  the 
circular  flat  parachute  model. 

C .  Concluding  Remarks 

The  need  to  develop  an  experimental  method  for 
obtaining  the  apparent  moment  of  inertia  of  parachute  cano¬ 
pies  became  apparent  from  a  study  of  the  dynamic  stability 
equations  of  a  parachute -store  system,  which  forms  a  part  of 
our  "Investigation  of  Basic  Stability  Parameters  of  Conventional 
Parachutes."  A  literature  survey  failed  to  reveal  any  sat¬ 
isfactory  analytical  or  experimental  method  applicable  to 
rigid  hemispherical  thin  shells  representing  an  idealized 
form  of  a  parachute  canopy. 

The  experimental  apparatus  and  techniques  developed 
for  this  purpose  and  described  in  this  report  make  possible 
the  determination  of  the  apparent  moment  of  inertia  of  ideal¬ 
ized  parachute  canopy  models  having  a  specified  angular  motion 
about  a  given  axis  perpendicular  to  the  axis  of  symmetry. 

The  experimental  values  obtained  v/ith  the  proposed 
method  are  believed  to  approximate  closely  the  analytical 
values  that  would  be  obtained  on  the  basis  of  ideal  potential 
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flow  theory.  In  the  case  of  actual  parachute  canopies  in  free 
flight,  the  apparent  moment  of  inertia  may  be  significantly 
different  on  account  of  the  flexibility  and  porosity  of  the 
parachute  cloth  and  the  possible  flow  separation  effects.  It 
Is  to  be  expected  that  the  fabric  porosity  will  tend  to  reduce 
the  apparent  moment  of  inertia  while  flow  separation  will 
tend  to  increase  it. 

In  spite  of  possible  discrepancies  Vtween  the 
results  of  rigid  idealized  models  and  those  o'  full  scale 
flexible  parachutes,  the  model  results  may  be  valuable  for 
the  purpose  of  comparing  the  characteristics  of  different 
canopy  shapes  and  providing  a  reference  level  from  which  to 
introduce  corrections  to  account  for  flexibility,  porosity 
and  flow  separation. 

The  apparatus  described  and  the  experimental 
techniques  outlined  in  this  report  may  be  developed  and  re¬ 
fined  If  desired.  Possible  improvements  may  involve  the 
use  of  more  accurate  timing  methods,  a  larger  frame  with 
improved  suspension,  more  sophisticated  models  and  special 
Immersion  liquid.  In  the  data  reduction,  a  correction  may 
be  made  for  the  damping  effects  at  the  expense  of  a  much 
greater  complexity  in  the  calculation. 
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APPENDIX 


EXPERIMENTAL  INVESTIGATION  OP  THE  EPPECT  OP 
GEOMETRIC  POROSITY  ON  THE  APPARENT  MOMENT  OP  INERTIA 

A.  Introduction 

Subsequent  to  the  completion  of  the  experimental 
work  described  and  the  preparation  of  a  draft  of  a  technical 
report,  the  Steering  Committee  adopted  the  proposal  that  an 
additional  experimental  investigation  of  the  effect  of  geo¬ 
metric  porosity  on  the  apparent  moment  of  inertia  be  per¬ 
formed  and  the  respective  results  be  presented  as  an  Appendix 
to  this  technical  report. 

B.  Canopy  Models  and  Experimental  Arrangement 

The  experimental  equipment  and  test  arrangement 
were  the  same  as  described  in  the  main  body  of  the  report. 

The  canopy  type  selected  for  the  porosity  tests  was  the  ribbon 
parachute  canopy.  Two  sizes  of  canopy  models  were  used,  one 
with  Dp  =  6  inches  for  tests  involving  oscillation  about  an 
axis  tnrough  the  center  of  gravity  of  the  included  mass  and 
the  other  with  Dp  =  2.5  Inches  for  the  tests  involving  oscil¬ 
lations  about  an  axis  through  the  confluence  point. 

The  number  of  slots  and  the  geometric  disposition 
of  their  centerlines  were  the  same  for  all  models.  The 
different  geometric  porosities  were  obtained  by  progressively 
increasing  the  slot  widths.  The  narrowest  slots  were  1/32" 
wide.  These  were  cut  first  and  the  models  were  then  tested. 
The  slot  widths  were  then  increased  to  the  next  value  and 
the  tests  were  repeated.  This  procedure  resulted  in  reducing 
model  costs  and  avoiding  slight  geometrical  irregularities 
between  several  models  of  the  same  profile  but  with  different 
porosities. 

Figures  20  and  21  illustrate  the  design  details 
and  dimensions  of  the  6"  diameter  models.  The  slot  widths 
used  for  these  models  were  1/32",  l/l6"  and  l/8",  giving 
calculated  geometric  porosities  of  6.3,  12.7  and  25.3  per 
cent,  respectively.  Figure  22  illustrates  the  test  frame 
with  model  canopy  and  two  l{"  additional  spheres  attached. 

The  torsion  rod  used  for  these  tests  was  the  3/32"  drill  rod. 

Figures  23  and  24  illustrate  the  design  details 
and  dimensions  of  the  2.5"  diameter  models  used  for  the  con¬ 
fluence  point  tests.  The  slot  widths  used  for  these  models 
were  1/32",  3/64"  and  l/l6",  giving  calculated  geometric 
porosities  of  17. 7,  2 6.6  and  35.4  per  cent,  respectively.  It 
was  not  practical  to  cut  slot  widths  of  less  than  1/32".  For 
these  tests,  a  symmetric  arrangement  involving  a  pair  of 
canopy  models  was  used.  It  adopts  the  central  3"  diameter 


36 


FIG  20.  6'  RIBBON  CANOPY  MODELS  (6°/o 

AND  25%  GEOMETRIC  POROSITIES  ) 


FIG  21.  6*  RIBBON  CANOPY  MODEL 

SHOWING  DIMENSIONS  FOR 
VARIOUS  GEOMETRIC  POROSITIES 
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FIG  23.  2.5"  RIBBON  CANOPY  MODELS  (188/o 

AND  27%  GEOMETRIC  POROSITIES  ) 


FIG  24.  2.5*  RIBBON  CANOPY  MODEL 

SHOWING  DIMENSIONS  FOR 
VARIOUS  GEOMETRIC  POROSITIES 
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steel  sphere  as  Illustrated  In  Pig  15  and,  in  addition,  it 
was  found  desirable  to  increase  the  system  inertia  by  means 
of  two  li"  diameter  steel  spheres  mounted  in  two  arms  perpen¬ 
dicular  to  the  axis  of  attachment  of  the  canopy  models .  It 
was  necessary  to  exercise  special  care  in  aligning  the  model 
canopies  and  auxiliary  spheres  In  order  to  avoid  relatively 
large  scatter  of  the  experimental  results  due  to  poor  align¬ 
ment.  In  timing  the  oscillations,  the  Lissajous  patterns 
were  carefully  observed,  and  whenever  a  slight  drift  occurred, 
the  results  of  that  particular  run  were  disregarded  and  the 
test  repeated. 

C.  Experimental  Results  and  Conclusions 

In  general,  three  sets  of  runs  were  calculated 
for  each  geometric  porosity  configuration.  Each  set  consisted 
of  five  consecutive  runs  and  the  period  of  oscillation  was 
based  on  the  average  for  the  set. 

1.  Single  Canopy  Tests — Oscillation  Axis  Passes  Through 
the  C.G.  of  the  Included  Mass 

Table  l4  presents  the  results  of  tests  on  four 
canopy  models  with  geometric  porosities  of  0,  6.3, .12.7  and 
25.3  per  cent.  The  reference  moment  of  inertia,  Ir,  used 
for  calculating  the  nondimens ional  apparent  moment  of  inertia 
coefficient  A*r  c  for  this  case  is  that  of  a  hypothetical 
sphere  of  diameter  equal  to  the  projected  canopy  diameter. 

Dp,  and  assumed  to  act  like  a  solid  mass  having  the  density  of 
the  fluid  and  oscillating  about  an  axis  through  center  of 
gravity. 

Figure  25  shows  the  variation  of  the  apparent  moment 
of  inertia  coefficient  A'r#c  with  geometric  porosity.  It  is 
apparent  that  an  increase  of  geometric  porosity  reduces 
considerably  the  apparent  moment  of  inertia.  Thus,  a  geome¬ 
tric  porosity  of  about  6  per  cent  reduces  the  apparent  moment 
of  inertia  to  about  60  per  cent  of  its  value  for  a  nonporous 
canopy.  At  a  geometric  porosity  of  about  13  per  cent,  the 
apparent  moment  of  inertia  is  reduced  to  approximately  27 
per  cent  of  its  original  value  while  at  a  geometric  porosity 
of  25  per  cent,  the  apparent  moment  of  inertia  is  only  about 
19  per  cent  of  the  value  at  zero  porosity. 

2.  Double  Canopy  Tests --Oscillation  Axis  Passes  Through 
the  Confluence  Point 

The  results  of  these  tests  are  presented  in  Table 
15.  The  four  models  tested  represent  geometric  porosities 
of  0,  17. It  2 6.6,  and  35.4  per  cent.  Figure  25  illustrates 
the  variation  of  the  apparent  moment  of  inertia  coefficient, 
A'r,c  »  with  geometric  porosity.  It  is  apparent  that  increas¬ 
ing  the  geometric  porosity  greatly  reduces  the  apparent  moment 
of  inertia.  The  effect,  however,  is  relatively  smaller  than 
for  the  single  canopy  tests.  A  geometric  porosity  of  about 
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TABLE  15.  APPARENT  MOMENT  OF  INERTIA  COEFFICIENTS  FOR  RIBBON 
CANOPIES  WITH  VARIOUS  GEOMETRIC  POROSITIES  OSCILLATING  ABOUT.  AN 
AXIS  THROUGH  THE  CONFLUENCE  POINT 


FIG  25.  APPARENT  MOMENT  OF  INERTIA  COEFFICIENT  (A'RC  )  vs 
GEOMETRIC  POROSITY  FOR  RIBBON  CANOPY  MODELS 
OSCILLATING  ABOUT  TWO  DIFFERENT  AXES 


18  per  cent  reduces  the  apparent  moment  of  inertia  in  this 
case  to  about  70  per  cent  of  its  original  value  for  zero 
porosity.  At  a  geometric  porosity  of  approximately  27  per 
cent,  the  apparent  moment  of  inertia  is  reduced  to  nearly  37 
per  cent  of  its  original  value  while  at  a  geometric  porosity 
of  about  35  per  cent,  the  moment  of  inertia  drops  to  26  per 
cent  of  its  value  for  zero  porosity. 

The  established  influence  of  the  porosity  upon  the 
dynamic  inertia  effects  of  the  idealized  parachute  canopies 
coincides  to  a  large  extent  with  the  findings  of  H.  G.  Heinrich 
(Ref  9),  in  which  a  significant  reduction  of  the  apparent  mass 
with  increasing  parachute  porosity  was  shown. 

D.  Concluding  Remarks 

In  extending  the  experimental  method  of  determining 
the  apparent  moment  of  inertia  to  account  for  geometric  porosity 
effects,  additional  simplifying  assumptions  were  involved.  All 
viscous  effects  were  ignored  and  potential  irrotational  flow 
was  assumed.  In  view  of  the  assumptions  and  idealizations  in¬ 
volved,  it  is  felt  that  the  tests  relating  the  apparent  moment 
of  inertia  to  geometric  porosity  should  be  viewed  as  of  a  general 
exploratory  character  rather  than  definite  numerical  validity. 
They  help  to  indicate  the  relative  magnitude  of  the  change 
of  apparent  moment  of  inertia  with  geometric  porosity. 
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